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concretes with several amounts of steel fibers: 0, 50 and 70kg/m 3 . Hence, the shear behavior of HCS produced with two prestressing levels and different amounts of steel fibers has been studied.
Experimental investigation
Twenty-six HCS were tested and classified into two different series, mainly differenced by the tension in the prestressing strands and the different design failure modes expected in them.
In Series I, HCS and their test disposition were designed so that failures were produced by shear-flexure.
For Series II, a program with greater variability of predictable failure modes was developed, and was based on a design for more heavily prestressed HCS which contemplates a wider range of fiber reinforcement amounts.
Hollow core slabs' geometry.
All the HCS presented the same geometry ( Figure 1 ) and a depth of 260mm. This geometry is within the scope of application of the European Standard EN 1168+A2 [18] . A different reinforcement disposition, characterized by the number and diameter of wire or strand, its position and tension applied ( Figure 1 and Table 1 ), was tested in each Series. In Table 1 , "Initial tensile" is the prestressing tension applied prior to discounting prestressing losses; r inf is the cover on the bottom of HCS; ρ l is the reinforcement ratio for longitudinal reinforcement (wires or 7-wire strands in this case) and σ c is the average stress acting on the concrete cross-section for an axial force due to prestressing actions. Series I and II adopted the HCS notations used in the precast industry: PF 26.20 and PF 26.16, respectively.
The materials used in this study were a CEM I 52.5R cement type and calcareous crushed aggregates: 0/4mm-sized sand, 0/6mm-sized sand and 6/10mm-sized gravel. The steel fibers utilized were low carbon steel with hooked-end (RC 65/40 BN), 40mm in length, 0.62mm in diameter, with an aspect ratio (length/diameter) equal to 65.
Two concrete admixtures were used: an accelerating high range water reducer/superplasticizer and a specific admixture for extruded concretes. Table 2 presents the mix designs.
The concrete without fibers was used in the daily HCS production in the collaborating precast industry.
Mechanical properties were controlled in one concrete sample by means of the compressive strength test on 150 x 300 mm cylinders (EN 12390-3) and the flexural tensile strength test (EN 14651). The following were obtained with the flexural test: the residual flexural tensile strength (f R,j ), which corresponds to the crack mouth opening displacements (CMOD) linked to the crack openings of 0.5, 1.5, 2.5 and 3.5mm (j=1,2,3,4 respectively). Table 3 provides the mechanical properties of the different concrete mixes. All the values were obtained as an average of three specimens made with two different samples for each concrete type 28 days after casting HCS.
HCS production.
A continuous slab was casted. It occupied a complete lane in which prestressed strands were positioned; the machine received the concrete and HCS were formed by extrusion ( Figure 2 ).
As expected [14] , some problems initially occurred when a new concrete type was produced. The initial problems were related with introducing fibers into a very dry concrete mix to obtain an optimum concrete ready to use in the extrusion process. Yet after the preliminary adjustments in the process, these problems no longer appeared and a good surface aspect was achieved ( Figure 3 ). This fact demonstrates that it is possible to produce HCS with FRC in a normal daily production cycle in a precast plant.
Only some slabs had undulations on their surface, webs of different widths and defects on the slab surface, which were created in some zones where fibers blocked the extrusion machine.
Test set-up.
HCS were subjected to a four-point test according to the disposition shown in Figure 4 . Figure 5 depicts the test set-up. Tests were done in the precast industry. In order to analyze the previous precrack effect, three HCS (14, 18 and 24) were precracked before the shear test by loading the HCS with a longer span length (a/d=4.9) since the maximum flexure crack width reached was 0.2mm. In these precrack steps, a shear of 161kN was accomplished.
After the flexure precracking tests, supports were moved to adapt them to shear tests conditions so that shear failure was on the flexure precracked zone. Table 4 shows not only the variables analyzed for each test, but also the maximum load reached and the main failure mode. Figure 6 indicates the evaluated section for web shear tension failures which, in this case, had been adopted as the intersection between the centroidal axis of the HCS and the failure line that emerges from the edge of the support with an angle of 35 ° to the horizontal axis, as indicated EN 1168+A2 [18] , which delimitates the zone affected by the support reaction.
Several HCS were tested with a critical length (l crit ) below the transfer length (l pt ), which was evaluated according to the European standard EN 1168+A2 [18] which, in this aspect, refers to the standard EN 1992-1-1 [22] . In some HCSs, this caused anchorage failure (HCS 4, 12 and 22). Nevertheless HCS 9, which was also performed with a critical length below the transfer length failure, there was no anchorage failure; the reason was that the crack which caused the failure was at a long distance from the cantilever.
The values are presented in Table 4 .
Tests results and analysis

Failure modes.
Different failure modes were observed. The following notation was used:
-SHEAR FAILURE MODES:
On the shear-flexure failures, flexure cracks initially developed, but eventually one of them caused the failure. The failure crack was always situated in the shear span close to one of the load points. Firstly, the crack grew vertically to finally turn in direction by taking a shear slope near the top.
-S: Web shear tension failure of concrete; Fig. 5 .
In most cases, failure was caused by diagonal shear tension. Shear failure was produced by inclined cracks due to principal tensile stresses. On these slabs, a transverse reinforcement was not placed to resist shear, so fibers, prestressing strands and the concrete zone in compression had to resist shear solicitations;
if shear grew, the crack progressed upwardly to the HCS top.
-FLEXURE MODE ( Fig.8 ):
-F: Flexure failure.
For the greatest a/d ratio in Series II (a/d=8.6), several flexure cracks developed vertically toward the top of the HCS, and one of these cracks continued to grow until a flexure failure took place.
-FAILURE ON ANCHORAGE OF PRESTRESSING STRANDS:
-A: Anchorage failure of strands; Fig.9 .
During the tests, slippage on strands was also detected and, in most cases, this led to a diagonal crack. In these cases, and especially when the critical length l crit was close to the transfer length l t (II-0-2.3 and II-70-2.3b), final failure was caused by anchorage. For HCS II-70-2.3a, the main failure was caused by web shear tension failure (S), but it seems clear that the contribution of prestressing was weak. Signs of this were reflected by the low loads reached and the embrittlement observed after the peak. In this case, the l crit was only a few millimeters above l pt .
Load-Deflection Response.
The lowest ultimate loads corresponded to the HCS with a/d=8.6. In this supports-loads distribution, the highest deflections were achieved, showing clear ductile failure by flexure (F) or shear-flexure (SF). In these cases, behavior was similar for the three types of concrete as the influence of fibers was only marginal compared with the influence of the prestress.
The HCS with an a/d ratio=3.4 showed intermediate behavior by always cracking through web shear tension failure (S). The tendency of increasing shear capacity with an increasing amount of fibers is reported.
For the a/d =3.4 ratio, we can see (Fig 11-d ) that the HCS, which previously cracked in flexure (HCS 14, 18 and 24), accomplished a more ductile behavior with greater loads than their equivalent non precracked HCS. Moreover, dependence on fiber amount was clearly evident.
Shear values according to current Design Codes and failure modes discussion.
Some authors like Pisanty [7] and Bertagnoli [12] , among others, claimed that the model proposed in EC2
[22] to evaluate the uncracked shear capacity of prestressed elements overestimated the real ultimate strength. For this reason, the standard EN 1168+A2 [18] proposes a reduction of shear resistance
proposed by the EC2 [22] . Therefore, the shear capacity by diagonal shear tension was calculated assuming the region as uncracked in bending using the formula (1) of EN 1168+A2 [18] , as this standard has no formulation to take into account fiber contribution, henceforth it will be calculated by following the RILEM formula [21] ; the values are indicated in so web width b o was the sum of all the webs widths which composed the HCS. For the calculations, the fact that all the webs contributed in the same manner to resist shear was taken into account. However, some authors, like Elliott [10] , suggested that the shear capacity of HCS was not the same as the shear capacity of each component section, unless web widths were all exactly equal; thus, shear failure finally occurred in the critical web. Therefore, it was reasonable to calculate shear by not taking into account all the webs composing HCS. As HCS were treated as a sum of the double T beams, the contribution of the flange to the shear was considered in the calculations for the HCS made from fibers by means of factor k f (Appendix B), present in the RILEM formula. This value (k f ) was equal to 1.036 for all the cases. Neither EN 1168+A2 nor MC2010 considered flanges contribution to shear. For the HCS made without fibers, MC2010 shear strength was calculated by applying the most accurate form (Level III of Approximation), which permitted the calculation of ε x (see Appendix A) and directly calculated the corresponding inclination of the compression stresses (θ). Level III of Approximation was based directly on the equations of the Modified Compression Field Theory (MCFT) [23] . The HCS with fibers were calculated by applying the formula proposed in MC2010 (see Table 6 ), which included the effect of fibers inside the concrete matrix contribution.
To obtain real predictable resistance concrete, the partial safety factors for material properties were considered in the calculation as γ c =1 and γ s =1 (Tables 5 to 7 ). Moreover, average values were utilized instead of characteristic values present in the formulas.
Code formulae included limitations on several parameters, such as the ρ l reinforcement ratio for longitudinal reinforcement, the ξ factor which bears in mind size effect, the σ ck average stress acting on the concrete cross-section for an axial force due to prestressing actions, and the minimum concrete contribution due to shear V cu , as presented in Appendix B. None of these limitations affected the values calculated in the beams tested for this paper.
The safety margins (SM= V test / V theo ) were used as a reference parameter to compare the results obtained from the different beams and Codes. (Table 7) , the values exceeding the unit are shown in boldface.
Series I: Shear values according to current Design Codes.
By way of general conclusion, and as expected, all the slabs in Series I presented a failure mode through shear-flexure, therefore theoretical shear values were calculated in regions cracked in bending. Figure 12 plots the SM of all the HCS in Series I, except HCS (I-50-3.1), which had a failure through bonding. We can observe that the shear SM and the flexure SM are higher than the unit. These results demonstrate that exceeding both shear and flexural theoretical strengths at the same time is possible.
However, three HCS (I-50-3.0a, I-50-3.0b and I-50-3.1c) achieved higher SM in the shear than the other HCS, and this was due to the lower a/d value. We can also note how the MC2010 provisions are better balanced than those from EN1168+RILEM in terms of the elements made with or without fibers.
EN1168+RILEM are less conservative than MC2010 when fibers are present.
Series II:
Shear values according to current Design Codes. In Figure 14 , only HCS with web shear tension failures have been represented, plotting together the SM values calculated with both hypotheses: regions cracked in bending (as were plotted in Figure 13 ) and regions uncracked in bending (Table 5) , which means pure shear tension failures. As can be seen in Figure 14 , for all HCS, except the II-50-3.4b (because of bad surface finishing), more adjusted SM were obtained assuming uncracked region.
Precracking HCS before shear testing them implied an increase in bearing load that was equal to 24.92%, 31.62% and 21.60% for HCS made with 0 kg/m 3 , 50 kg/m 3 and 70 kg/m 3 of fibers, respectively. Figure   15 shows this tendency.
It is evident that flexural precracking not only does not accelerate HCS failure, but makes diagonal tension crack propagation difficult and improves HCS behavior, observing that precracked HCS reached higher ultimate loads than their analogous non precracked (Table 7) .
From this Series, we can observe that the Codes are more conservative for the HCS without fibers following the criterion that better adjusts provisions in ductile members [24, 25] because the elements reinforced with fibers display a more ductile behavior than those without fibers. This fact, which the present work detects, agrees with the observations made by Peaston et al. [14] .
If the SM in flexure (that is, a capacity achieved in flexure at the time of failure) are represented against the a/d ratio (Figure 16 ), then the points corresponding to the fiber-reinforced concrete HCS (Series II), which presented a shear tension failure, are over Kani's valley [26] . If the points from FRC elements from Series I (shear compression failure) are observed, then is clear that flexural capacity is also greater than that expected according to Kani's valley. Neither the elements that failed by flexure nor any FRC elements failing in shear show the same tendency.
These results agree with Imam [27] , who suggested that the region of diagonal failure disappears completely in Kani's valley when increasing fiber amount and efficiency.
In this way, use of fibers is a possible solution to overcome shear failure since fibers are capable of increasing element strength to its full flexural capacity.
Conclusions
According to the tests, the following conclusions can be drawn:
-It is possible to produce fiber-reinforced concrete hollow core slabs (HCS) without encountering technical problems.
-An extensive experimental program has been developed to analyze the shear strength and failure behavior of HCS with different failure modes. The effect of fiber amount and shear span on behavior has been analyzed.
-HCS with fibers reached higher shear capacities than those without fiber reinforcement, and obtain a more ductile behavior. This is a key advantage given the impossibility of placing transverse reinforcements on slabs.
-A clear influence of the a/d ratio on shear strength and on shear behavior has also been detected. -The model proposed in EN1168 to evaluate the shear capacity in regions uncracked in bending was the most adjusted for HCS with web shear tension failures (S).
safety margins (20-30%) than not precracked HCS.
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